Hsp70/DnaK. Although the apparent involvement of ATP N-domain (residues 1-220) of the yeast Hsp90 chaperone, providing definitive evidence for the involvement in p23 binding remains unexplained, it has become widely accepted that unlike Hsp70/DnaK and Hsp60/ of ATP binding in the molecular mechanism of Hsp90. GroEL, Hsp90 does not bind ATP.
Although the structure of the intact Hsp90 molecule Results and Discussion has not yet been determined, crystal structures of an amino-terminal domain identified by limited proteolysis Cocrystals of yeast Hsp90 N-domain and ADP, ATP, or ATP␥S were grown under conditions previously dehave been determined for yeast and human (Stebbins et al., 1997) proteins. Consistent scribed for native crystals (Prodromou et al., 1996) , but with the addition of 5 mM nucleotide and 5 mM Mg 2ϩ . with the high homology among all Hsp90 sequences (69% identity, yeast to human) the tertiary structure of Electron density maps for Hsp90 complexed with Mg 2ϩ -ATP, Mg 2ϩ -ADP, and Mg 2ϩ -ATP␥S were obtained at 1.8, these two domains is extremely similar, consisting of a highly twisted eight-stranded ␤ sheet covered on one 2.0, and 2.5 Å resolution, respectively. face by ␣ helices. The quaternary structures of the human and yeast N-domains observed in the crystals are, Location of the ATP/ADP-Binding Site Difference Fourier maps showed clear positive features however, quite different. The yeast N-domain crystallizes as a dimer in which the C-terminal ␤ strands of corresponding to the bound nucleotides, lying in a deep pocket on the helical face of the N-domain (Figures 1a the sheets in each monomer make an antiparallel interaction, generating a continuously hydrogen-bonded and 1b). This pocket is bounded by the helices from 28-50 and from 85-94 on two sides, and the end of the 16-stranded sheet in the dimer. This dimeric sheet folds back on itself, forming a roughly cylindrical channel behelix and loop from 117-124 and the loop from 81-85 on the other two sides. The base of the pocket is formed tween the two monomers, whose size and shape suggest that it could function as a molecular clamp, capable by residues Ile-77, , whose side chains project up from the burof accommodating 8-10 residues of polypeptide chain in an extended conformation .
ied face of the ␤ sheet. The electron density for the base, sugar, and ␣ phosphate groups, which make extensive In contrast, the human N-domain crystallized as a monomer, the ␤ strand that forms the dimer interface being contacts within the pocket, is extremely clear in all the complexes (Figure 1c ). The electron density for the ␤ disordered, and the potential peptide-binding channel was not observed (Stebbins et al., 1997) . The outside phosphate, which lies higher up in the pocket and makes fewer contacts, is somewhat weaker, but no significant helical faces of the monomers in the yeast N-domain dimer are formed by residues, many of which are very electron density is present for the ␥ phosphate in complexes with ATP or with the nonhydrolyzable analog, highly conserved in all Hsp90-family sequences. At the center of this helical face, a deep pocket penetrates ATP␥S. This suggests that the phosphate has not been lost by hydrolysis of ATP over the time scale of the to the surface of the buried ␤ sheet and is the binding site for the antitumor agent geldanamycin in a complex crystallization experiment but is truly disordered in the crystals. Analysis of the binding of ATP and ADP to with the human N-domain (Stebbins et al., 1997) . On the basis of this complex, it has been postulated that this the Hsp90 N-domain in solution by isothermal titration calorimetry indicates dissociation constants of 132 Ϯ pocket is a binding site for segments of polypeptide chain from incompletely folded client proteins. Geldana-47 and 29 Ϯ 3 M, respectively, with binding stoichiometries close to 1 nt per N-domain monomer. mycin is therefore proposed to act as a competitive inhibitor of client-protein binding.
In light of recent observations that the structure of the
Nucleotide-Protein Interactions
The bound nucleotides make extensive interactions with Hsp90 N-domain has a similar topology to an N-terminal ATP-binding domain of the bacterial type II topoisomerthe protein and bound solvent in the pocket (Figure 2 ). The adenine base penetrates into the pocket, making ase, DNA gyrase (Dunbrack et al., 1997) , the involvement of ADP/ATP in the function of Hsp90 must again only a single direct hydrogen bond to the protein, from the exocyclic N6 amino group of the adenine base to be reexamined. Sequence motifs comprising the ATPbinding sites within the N-terminal domain of DNA gythe carboxyl side chain of Asp-79 at the bottom of the pocket. All the other hydrogen-bonding possibilities of rase, and conserved in other type II topoisomerases, are also conserved in Hsp90 sequences (Bergerat et al., the adenine base are fulfilled by water molecules bound by protein groups within the pocket. Thus, the second 1997), raising the possibility that these sequences might also constitute an ATP-binding site in Hsp90. Here, we hydrogen bond to adenine N6 is made by a water molecule bound by the peptide carbonyl of Leu-34; adenine report the high resolution crystal structures of specific complexes of Mg -ADP/ pocket, the ␣ phosphate group makes hydrogen bonds with the side chain of Asn-37 and the peptide nitrogen ATP. Other than the ordering of the side chain of Lys-98, there are no significant changes observed between the of Phe-124. The ␤ phosphate group makes an ion-pairhydrogen-bonding interaction with the side chain of Lysstructure of the protein in the ADP or ATP complexes and the free protein. 98 and interacts with several solvent molecules bound at Our observation of specific ADP/ATP binding to Hsp90 completely contradicts the careful and widely accepted biochemical analysis of Jakob et al. (1996) , who demonstrated clearly that Hsp90 could not be specifically photoaffinity labeled with 8-azido-ATP, was not retained on C8-ATP-agarose, and did not enhance the fluorescence of MABA-ADP. In contrast, all these reagents gave positive results with Hsp70/DnaK, leading to the reasonable conclusion that Hsp90 does not bind adenine nucleotides. We can understand these negative observations by consideration of the different conformation of the adenine nucleotides bound to the two different chaperones. In an Hsc70-ADP complex (Flaherty et al., 1994) , the bound nucleotide adopts a fully extended conformation with a 2Ј-endo sugar pucker and the ␥ torsion angle in the ap conformation (for conformational definitions, see Moodie and Thornton, 1993) . In this conformation, the 8 position of the adenine is unhindered, and 8-substituted analogs would have little difficulty binding to Hsc70. The nucleotide in the Hsp90-ATP/ADP complex, however, has a much more compacted conformation, with a 3Ј-endo sugar pucker and a ϩsc ␥ torsion angle. In this conformation, the 8 position is substantially hindered by the 5 carbon and ␣ phos- 
8-substituted ADP/ATP analogs (Figure 3). We suggest
Conformations of ADP bound to (a) Hsc70 (Flaherty et al., 1994) and that the negative results for nucleotide binding by Hsp90 (b) Hsp90. The N1, N6, which make specific contacts in the ADP/ obtained by Jakob et al. (1996) result from their use of ATP-binding pocket, are indicated, as is the adenine base C8 atom, which is unhindered in the Hsc70-bound conformation but hindered C8 adenine-substituted reagents, which are not able to in the Hsp90-bound conformation.
adopt the idiosyncratic conformation required for ATP/ ADP binding to Hsp90.
oxygen of geldanamycin and the buried water bound by Asp-93, Gly-97, and Thr-184 in human Hsp90 correImplications for Geldanamycin Binding The ATP/ADP-binding site we have identified has presponds to the interaction between the adenine N1 and the buried water bound by Asp-79, Gly-83, and Thr-171 viously been shown to be the binding site for the antitumor agent geldanamycin on the N-terminal domain of in yeast Hsp90. Further up the pocket, the hydrogen bond observed between the amide carbonyl of geldanathe human Hsp90 (Stebbins et al., 1997) . Geldanamycin consists of an ansa ring closed by an embedded benzomycin and the main-chain nitrogen of Phe-138 in human Hsp90 corresponds to the hydrogen bond between an quinone, with a pendant carbamate group approximately halfway around the ansa ring. On the basis of oxygen of the ␣ phosphate of ADP/ATP and the mainchain nitrogen of Phe-124 in yeast Hsp90. Similarly, the the interactions observed between geldanamycin and Hsp90, Stebbins et al. (1997) suggest that the ansa ring hydrogen bond from the ⑀ amino of Lys-112 to a geldanamycin benzoquinone oxygen corresponds to the hydroof geldanamycin imitates a pentapeptide in a turn conformation and therefore propose that the biological role gen bond/ion pair between Lys-98 and the ␤ phosphate of ADP/ATP. The hydrogen bonds made by the ⑀ amino of the geldanamycin-binding site is in binding segments of polypeptide chain from incompletely folded client of Lys-58 to methoxy and carbonyl oxygens on geldanamycin have no direct equivalent in the yeast ADP/ATP proteins. Our results clearly contradict this suggestion and rather indicate that geldanamycin is acting as an complex but may correspond to interactions between the side chain of Lys-44 in yeast Hsp90 and solvent ADP/ATP mimetic, specific to the idiosyncratic set of interactions offered by the nucleotide-binding site of molecules bound to the O2Ј and O3Ј oxygens of the ribose sugar in ADP/ATP. The recognition that geldanaHsp90. In support of this idea, we note that almost all of the polar interactions described between geldanamycin imitates the binding of ADP/ATP to Hsp90, rather than peptides as previously suggested ( The overall tertiary fold of the yeast and human Hsp90 N-domains has a remarkable and totally unsuspected addition, the hydrogen bond between the carbamate similarity to the N-terminal ATP-binding fragment of the strand of the sheet. Conversely, in Hsp90 the C-terminal strand from 205-220 extends from the body of the probacterial type II topoisomerase, DNA gyrase B protein (Wigley et al., 1991) . This similarity was not initially rectein, making a dimeric interaction with a second molecule, whereas the equivalent sequence in gyrase B folds ognized by the authors of either the human or yeast structures but was determined during the CASP2 strucback to form the C-terminal strand of the sheet. The most significant difference between the structure-prediction competition (Dunbrack et al., 1997) , to which the yeast Hsp90 N-domain was submitted.
tures of the Hsp90 and gyrase B N-domains is the conformation of the polypeptide sequence from residues Optimal structural alignment of the N-terminal domains of yeast Hsp90 N-domain and the gyrase B using 94-124 in Hsp90 and the corresponding sequence from 95-119 in gyrase B. This segment in gyrase B is an the SSAP algorithm (Orengo and Taylor, 1996) brings six ␤ strands and five helices in the Hsp90 structure extended loop of irregular conformation, folded down onto the ATP-binding site as a lid, making contact with into equivalence with an rmsd between 79 common C␣ positions of approximately 4 Å and almost superimthe base and phosphates of the bound ATP. In Hsp90, this segment consists of a short ␣ helix, a loop, and a poses the bound nucleotides from the two structures (Figure 4 ). This degree of structural homology, taken short 310 helix and is packed against the helix and loop formed by residues 10-27, away from the ADP/ATPtogether with a clear functional similarity, would argue strongly that both the Hsp90 and DNA gyrase adenine binding site. The difference in orientation of this otherwise topologically equivalent segment corresponds to nucleotide-binding domains are evolved from a common ancestor. However, even when aligned on the basis a hinge motion, pivoting at glycines 100 and 118 in Hsp90 and at glycines 101 and 113 in gyrase B. This of this structural equivalence (Figure 5 ), the amino acid sequences of the two proteins only have around 10% segment is conformationally flexible in gyrase B and is displaced from its closed conformation over the ATPidentity, suggesting that they diverged early in evolution.
While the central strands of the ␤ sheet are very similar binding pocket in complexes with coumarin and cyclothialidine antibiotics and becomes disordered (Lewis et in both Hsp90 and gyrase B, the arrangement of the terminal strands is different. In the gyrase B N-domain, al., 1996) . While this segment is orientated away from the ADP/ATP-binding site in both yeast and human Hsp90 the amino-terminal sequence from 2-15 is detached from the body of the protein and participates in a dimer structures, the local structure around the pivot residue Gly-114 in human Hsp90 (Gly-100 in yeast) displays difinteraction with a second molecule, whereas the equivalent sequence in Hsp90 forms the amino-terminal ferent conformations in different crystal forms, suggesting that the mobility seen in gyrase might also be present in Hsp90. If this is the case, this segment in Hsp90 might also be able to act as a lid closing over the ADP/ATP-binding site and interacting with the nucleotide. In the crystals of yeast Hsp90, residues in this segment are involved in crystal contacts that would significantly stabilize the open conformation for the lid, despite the presence of nucleotides. From the present data, the possibility of a dynamic variation of the Hsp90 lid conformation as a result of nucleotide binding is speculative. Indeed, the extensive hydrophobic interface between the lid segment and the helix and loop from residues 10-27 in Hsp90 suggests that this open conformation is rather stable. The difference in conformation between the lids in gyrase B and Hsp90 may actually be the result of selection of a different static conformation in the evolution of Hsp90. Consistent with the structural homology between Hsp90 and DNA gyrase N-terminal domains, the conformation of ADP/ATP in the binding sites of Hsp90 and DNA gyrase is remarkably similar, and many of the protein residues interacting with the nucleotides are conserved between the two proteins, constituting distinct sequence motifs characteristic of type II topoisomerases and Hsp90s (Bergerat et al., 1997) . In particular, Asp-79, Gly-83, and Thr-171, which provide the direct and solvent-linked interactions with the N1 and N6 (Orengo and Taylor, 1996) . Helices are shown as cylinders, with ␣ helices colored red, and helices with a primarily 310 conformation colored magenta. ␤ strands are shown as green arrows. Sequence identities are indicated by vertical bars between the sequences, and the three motifs identified as common to type II topoisomerases and Hsp90s (Bergerat et al., 1997) are highlighted in red.
in gyrase B) conserved in both protein families (Bergerat Hsp90 is indeed variable, then a closed conformation similar to that in DNA gyrase might be favored by interacet al., 1997). There are some small differences between the phosphate interactions made by Hsp90 and gyrase tion with the ␥ phosphate of a bound ATP. This would unmask a potential protein-binding surface formed by B. For example, the ␤ phosphate forms an ion-pairhydrogen-bonding interaction with the side chain of the residues buried by the lid in its open conformation. Interestingly, temperature-sensitive mutants of yeast Lys-98, which is conserved in Hsp90s but is Ala-100 in gyrase. The major difference between the well-ordered Hsp90 (Nathan and Lindquist, 1995) that cannot be simply attributed to destabilization of the protein core or ␥ phosphate in gyrase B and the disordered ␥ phosphate in Hsp90 may result from the open-lid conformation in disruption of the nucleotide-binding site map in this loop (Thr-22→Ile) or at the hinge of the lid (Thr-101→Ile). Hsp90, compared with the closed-lid conformation found in gyrase B. However, interaction with the ␥ phosIn both of the two well-characterized ATP-dependant chaperone systems, Hsp70/Hsc70/DnaK and Hsp60/ phate coming from residues in the following domain may also contribute to the ordering of this group in gyrase B.
GroEL, binding and hydrolysis of ATP, and release of ADP, are used to drive conformational changes that cycle the chaperones through high affinity and low affin-A Role for ADP/ATP Binding in the Mechanism of Hsp90 ity states for incompletely folded protein substrates (Roseman et al., 1996; Zhu et al., 1996) . Given that we The results we present here unequivocally demonstrate the existence of a specific ADP/ATP-binding site conhave unequivocally demonstrated the existence of an ATP-binding site in Hsp90, it is reasonable to speculate served throughout eukaryotic and bacterial Hsp90s, necessitating a substantial reappraisal of much of the whether Hsp90 operates by a similar mechanism. The ATP affinity of the Hsp90 N-domain (≈132 M) is sufficurrent data relating to the biochemistry of Hsp90. The ADP/ATP-binding site we have identified coincides ciently high as to guarantee that the ATP-binding site will be fully occupied at cellular ATP concentrations. structurally with the binding site for geldanamycin identified by Stebbins et al. (1996) and therefore clearly corConversely, the affinity for ADP (29 M), although higher than for ATP, is probably insufficient to saturate the responds to the ADP/ATP-binding site postulated by Toft and his colleagues Toft, 1994, 1995) , binding site with ADP at cellular concentrations. At least in terms of nucleotide affinity, therefore, Hsp90 is set which appears to regulate the binding of the maturation factor p23 to Hsp90-client-immunophilin complexes.
up to go through an ATP-binding-ATP-hydrolysis-ADPrelease cycle comparable to those of Hsp60/GroEL or Binding of p23 to Hsp90 is promoted by ATP or ATP␥S but inhibited by ADP (Sullivan et al., 1997) and thus Hsp70/DnaK. The binding of ATP by Hsp90 has been clearly demonappears to be dependant on the presence of the ␥ phosphate. In the Hsp90-ATP complex, the disordered strated here, but the existence of an inherent ATPase activity remains unresolved. The ATP-binding site of ␥ phosphate will be exposed at the surface of the N-domain and could either interact with p23 directly, Hsp90 is very similar to that of the proven ATPase DNA gyrase B, and the catalytic glutamate (Glu-42) responsiforming part of a p23-binding surface on the N-domain, or could interact with other parts of the Hsp90 molecule ble for the ATPase activity of gyrase B (Jackson and Maxwell, 1993 ) is conserved in the N-domain of Hsp90 to stabilize a conformation that favors p23 binding elsewhere. The nucleotide pocket lies near the middle of an , suggesting that Hsp90 is at least equipped for an ATPase activity with essentially the same catalytic elongated channel that traverses the helical face of the N-domain, which might provide part of an extended mechanism as DNA gyrase B.
In isolation, the 24 kDa N-domain of gyrase B will binding site for p23. If the conformation of the lid in neither bind nor hydrolyze ATP (Gilbert and Maxwell, (Nieland et al., 1996) . The size of the binding site offered by the Hsp90 N-domain clamp conforms to the predomi-1994), and productive binding of ATP by DNA gyrase B is dependent on interactions with the ␥ phosphate from nant length of antigenic peptides presented by MHC-I, and the loading process appears to be ATP dependent residues in the following domain, which may provide a means for coupling ATP hydrolysis to changes in the (Li and Srivastava, 1993) . The high degree of conservation of the N-domain clamp between Hsp90s of the relative juxtaposition of these domains (Wigley et al., 1991) . Although the isolated N-domain of Hsp90 does cytoplasm and endoplasmic reticulum, suggest that the cytoplasmic Hsp90 might have an analogous role in bind ATP weakly, the ␥ phosphate is disordered, and an ATPase activity in the intact Hsp90 may also depend transporting antigenic peptides from the proteosome to the cytoplasmic face of the TAP transporter. on interactions to stabilize the conformation of the disordered ␥ phosphate. As in DNA gyrase B, these interac-
The data we present here finally resolves the controversy of ATP involvement in the function of Hsp90 and tions might be provided by residues in other domains, giving a mechanism for ATPase-coupled conformational correctly defines the action of the antitumor agent geldanamycin as an Hsp90-specific ATP mimetic. The poschanges, or might be provided by a separate protein, such as p23.
sibility of ATPase activity inherent in Hsp90 is still not Conformational changes of Hsp90 on addition of ATP have been reported (Csermely et al., 1993) , but the nature of these is unknown. The molecular-clamp structure formed by the yeast Hsp90 N-domain dimer ) displays a conformational flexibility between a closed form in which the loops at residues 160-168 from each monomer are in contact and an open form in which they are separated by ‫8ف‬ Å (Figure 6 ). The structure of the Hsp90 N-domain dimer is such that the C-terminal strands forming the dimer interface swap over topologically. This gives rise to the possibility that regions of the structure beyond the C-terminus of the N-domain from one monomer could interact with the ATP-binding site of the N-domain of the other monomer in the intact Hsp90 dimer. Such interactions either direct or mediated by p23 would be very likely to influence the relative juxtaposition of the N-domain with respect to other parts of Hsp90 and consequently affect the conformation of the clamp (Figure 6c ). Whether ATP binding would serve to open the clamp or close it can only be speculated upon at this stage. The situation is further complicated by the presence of two equivalent ATPbinding sites in the dimer, allowing for ATP 2 -, ADP 2 -, or ADPϩATP-loaded states, with the possibility of positive or negative cooperativity between them.
At present, we do not know what function this clamp serves in the molecular mechanism of Hsp90. The channel defined by the clamp in the closed conformation is of the right shape and size to accommodate a peptide chain in an extended conformation, making contact with 8-10 amino acids. The clamp might provide the common binding site suggested for the various accessory factors, such as p60/ Hop/Sti1, p50/CDC37, and immunophilins, which need to be exchanged at various stages of Hsp90-dependant protein folding and activation. Alternatively, the clamp might provide a site for binding parts of client proteins during folding, i.e., binding and releasing segments of although an ADP/ATP mechanism that functions by nucleotide exchange but not hydrolysis cannot be ruled
Graphical Representations
out. Finally, the conformationaly flexible molecular Figures 1a, 1b, 2c, 3, 4 , 6a, and 6b were produced using Molscript clamp previously identified in the structure of the (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994) . Figure 1c yeast Hsp90 N-domain would appear to offer an ATPwas produced using Raster3D and Robert Esnouf's adaptation of switchable binding site for accessory proteins or for Molscript (Bobscript), 2a by GRASP (Nicholls et al., 1993) , and 2b by Ligplot (Wallace et al., 1995) .
client proteins and may also play a role in the intracellular trafficking of antigenic peptides.
